Vibrio cholerae, the causative agent of cholera can produce an exopolysaccharide (EPS). Some strains can also phenotypically switch from a smooth to a 'rugose' phenotype characterized by small wrinkled colonies, overproduction of EPS, increased biofilm formation in vitro and increased resistance to various stressful conditions. High frequency switching to the rugose phenotype is more common in epidemic strains than in non-pathogenic strains, suggesting EPS production and the rugose phenotype are important in cholera epidemiology. VpsR up-regulates Vibrio polysaccharide (VPS) genes and the synthesis of extracellular EPS (VPS). However, the function of VPS, the rugose phenotype and VpsR in pathogenesis is not well understood. We report that rugose strains of both classical and El Tor biotypes of epidemic V. cholerae are defective in the in vitro production of extracellular collagenase activity. In vivo studies in rabbit ileal loops suggest that VpsR mutants are attenuated in reactogenicity. Intestinal colonization studies in infant mice suggest that VPS production, the rugose phenotype and VpsR have a role in pathogenesis. Our results indicate that regulated VPS production is important for promoting in vivo biofilm formation and pathogenesis. Additionally, VpsR might regulate genes with roles in virulence. Rugose strains appear to be a subpopulation of cells that might act as a 'helper' phenotype promoting the pathogenesis of certain strains. Our studies provide new insight into the potential role of VPS, the rugose phenotype and VpsR in the pathogenesis of epidemic V. cholerae.
Introduction
Cholera is an epidemic diarrheal disease of humans that results in signi¢cant morbidity and mortality [1, 2] . Due to the epidemic nature and severity of the disease, high transmissibility, high death-to-case ratio and ability to persist in water supplies, cholera is a public health concern. Vibrio cholerae, the bacterium causing cholera, is an organism that can persist in water supplies. Some strains have also adapted to human pathogenesis through their ability to colonize the proximal small intestine and release toxins. However, the factors involved in the emergence, patho-genesis and persistence of epidemic V. cholerae are not fully understood.
V. cholerae can produce an exopolysaccharide (EPS). Some strains can also switch from a smooth (EPS o¡) to a 'rugose' (EPS on) phenotype characterized by small wrinkled, also termed rugose, colonies [3^6] . VpsR is known to up-regulate expression of the vps genes involved in the biosynthesis of the Vibrio polysaccharide (VPS) [7] . We recently found that V. cholerae can switch at high frequency to the rugose hyperbio¢lm phenotype and that high frequency switching occurs more commonly in epidemic strains than in non-pathogenic strains suggesting that EPS and the rugose phenotype are important in the epidemiology of V. cholerae [6] . We also recently reported a molecular study on the identi¢cation of genes involved in the switch to rugose phenotype identifying novel genes not previously shown to have roles in the transition between the phenotypes [8] . We identi¢ed genes with roles in LPS synthesis, amino acid synthesis, an N-acetylmuramoyl amidase (amiB) and a novel potential regulatory gene (rocS) predicted to encode a protein containing a GGDEF domain. Proteins with GGDEF domains are found throughout the bacterial kingdom [9] . Although their function is not well understood, proteins with GGDEF domains are thought to be associated with levels of cyclic dinucleotide (c-di-GMP) signaling molecules [10^14] . In addition to defects in bio¢lm formation, VPS production and the rugose phenotype, the rocS and amiB mutants were defective in motility [8] . It appears that the switch to the rugose phenotype is a highly regulated and coordinated process and studies on these mechanisms are ongoing.
It has been proposed that production of VPS, bio¢lm formation and the rugose phenotype might have an important role in the survival of V. cholerae in various environments [6, 15, 16] . Rugose V. cholerae strains show hy-perbio¢lm formation in vitro, are highly chlorine resistant and are more resistant to UV light, extremes of acid and alkali and complement mediated lysis than are smooth strains [5, 6, 15, 17] . Epidemic V. cholerae O1 rugose variants can cause £uid accumulation in the rabbit ileal loop model [17] and are capable of producing clinical cholera in humans [5] . However, epidemic O139 strains are typically capsulated and a previous study reported that mutation of £agellar genes in a serogroup O139 strain resulting in a rugose variant caused a defect in colonization [18] . Therefore, the role in virulence of extracellular VPS, the rugose phenotype and VpsR is still not well understood. In this study, we tested the hypothesis that VPS, the rugose phenotype and VpsR promote the pathogenesis of epidemic V. cholerae strains.
Materials and methods

Bacterial strains used
The strains used in this study are shown in Table 1 . Before use, V. cholerae strains were subcultured onto thiosulfate citrate bile salts sucrose agar (TCBS ; Oxoid) to verify purity and con¢rmed by serogrouping using polyclonal antisera (Difco).
Cholera toxin (CT) assay
We studied the level of CT production in smooth and rugose strains of V. cholerae strain N16961 and in two independent VpsR mutants (DK562 and DK581) [8] grown under AKI conditions [19, 20] . Brie£y, a fresh colony of each strain was inoculated into 15-ml tubes containing 4 ml AKI broth (1.5% bacto peptone, 0.4% yeast extract, 0.086 M NaCl and adjusted to pH 8.0 by 1 M NaHCO 3 just prior to use) [19, 20] . For VpsR mutants, neomycin (50 Wg ml 31 ) was included in the culture medium. The cultures were incubated overnight with shaking at 200 rpm at 30 ‡C. The following day, 100 Wl was inoculated into a 15-ml tube containing 10 ml AKI broth (antibiotics were added where appropriate) and then incubated statically at 30 ‡C until OD 600 = 0.3^0.4 (approximately 3 h). The cultures were then transferred into a 250-ml £ask and incubated with shaking at 30 ‡C and 250 rpm for 18 h and the following day 3.6 ml was removed and centrifuged at 8000 rpm for 5 min. Cell-free culture supernatants were tested for CT by GM-1 ELISA (enzyme-linked immunosorbent assay). Brie£y, Immulon 2HB ('U' bottom) microtiter plates (Fisher) were coated with GM1 ganglioside (100 Wl per well at 1 Wg ml 31 in phosphate-bu¡ered saline (PBS)) and incubated overnight at 4 ‡C. Plates were washed three times with PBS, 200 Wl per well of 5% inactive fetal calf serum/PBS was added and incubated for 1 h at 37 ‡C and washed with PBS/ 0.05% Tween-20. Serial dilutions of CT (Sigma) were included to establish a standard curve while PBS served as a negative control. Plates were incubated for 2 h at 37 ‡C, washed with PBS/0.05% Tween-20 and 100 Wl per well of rabbit anti-CT antiserum (diluted 1:3200 in PBS/Tween-20 with 1% fetal calf serum) was added and the plates incubated for 1 h at 37 ‡C. Plates were then washed with PBS/ Tween-20 and 100 Wl of goat anti-rabbit IgG alkaline phosphatase conjugate (Kirkegaard and Perry Laboratories) diluted 1:5000 in PBS with 1% fetal calf serum was added to each well and incubated for 1 h at 37 ‡C. Plates were washed with PBS/Tween-20 and 100 Wl of Sigma Fast p-nitrophenyl phosphate substrate tablet diluted in sterile MiliQ water was added to each well and incubated for 45 min at 37 ‡C. The reaction was stopped by adding 50 Wl of 3 N NaOH and the OD 405 nm determined on a plate reader (Spectra MAX250). Results were based on three independent samples for each strain (prepared on three di¡erent days), which were then tested six times. Data was analyzed by using a one-way analysis of variance or t-test.
Enzyme assay for collagenase and elastase activity
V. cholerae strains were inoculated in brain heart infusion (BHI) broth and incubated overnight at 37 ‡C with shaking. Cultures were centrifuged and supernatants passed through 0.22-Wm ¢lters. Collagenase activity was N16961 Tn5: :vps(VC920) [8] determined using the EnzChek collagenase kit (Molecular Probes) with collagen type I from bovine skin and collagen type IV from human placenta as substrates. Elastase activity was determined using the EnzChek elastase kit (Molecular Probes) with DQ elastin (soluble bovine neck ligament elastin) as the substrate.
Rabbit ileal loop studies
The potential role of EPS, the rugose phenotype and vpsR in pathogenesis was examined using the rabbit ileal loop model of infection [21] . In these studies, three New Zealand white male rabbits (2 kg) (Covance Research Products) were used. Wild-type smooth and rugose variants of N16961, a vpsR mutant (DK562), and a vps mutant (DK589) were inoculated from frozen glycerol stocks onto LB agar plates. A single colony of each strain was then inoculated into 4 ml AKI broth (containing antibiotics where appropriate) and incubated at 37 ‡C overnight at 250 rpm. Following overnight incubation, the OD 600 was adjusted to 1.2 with fresh AKI broth. From this culture, 100 Wl was transferred into into 250-ml £asks containing 10 ml AKI broth (containing antibiotics where appropriate) and incubated for approximately 3 h at 37 ‡C at 250 rpm until OD 600 = 1.8. From this culture, 1 ml was centrifuged at 8000 rpm for 4 min, the pellet washed twice with 1.5 ml PBS and then transferred into a tube containing 10 ml PBS (OD 600 V0.13^0.16). From this culture, 3 ml was removed and added to 7 ml PBS, from which the CFU ml 31 was determined by plate count to be in the range of 4^8U10 7 ml 31 .
Prior to surgery, rabbits were fasted for 24 h and fed only water ad libitum. Rabbits were anesthetized, a laparotomy was performed, and the small intestine was tied o¡ into ¢ve loops (5 cm) with interloops (1 cm) between each main loop. Into each loop, using a 25-gauge needle, 1 ml was inoculated containing 10 7 cells of either a smooth strain, a rugose strain, vpsR, vps strains or PBS as a control. The intestine was returned to the peritoneal cavity, the incision closed, and the rabbits returned to their cage and given water ad libitum. Rabbits were sacri¢ced at 18 h, the peritoneal cavity opened and the small intestine removed. The loops were examined macroscopically, the £uid in each loop was removed and measured and an aliquot removed and plated onto appropriate antibiotic plates to determine V. cholerae counts (CFU ml 31 ). Colonies ere subcultured onto TCBS agar to con¢rm their identity as V. cholerae. The £uid accumulation ratio (FAR) was determined by measuring the £uid (ml) in the loops and dividing by the length (cm) of the loop.
Infant mouse colonization studies
To determine whether EPS, the rugose variant of V. cholerae N16961 and vpsR have a role in intestinal colo-nization, multiple co-infection assays based on the method of Baselski and Parker [22] were performed using the suckling infant mouse model. A single colony of either the smooth strain, rugose strain or the vpsR mutant (DK581) was inoculated into a test tube containing 3 ml LB broth and incubated at 37 ‡C overnight at 250 rpm. The overnight cultures of each strain were diluted 1:1000 in fresh LB broth (5 Wl culture in 5 ml LB broth) and either used alone for individual assays or 1 ml was mixed in a 1:1 ratio with the another strain to be tested in coinfection assays. Each culture (individual and mixed) contained 50 Wl Evans blue food coloring.
Five-day-old suckling CD-1 mice were inoculated orally using a 25-g syringe containing 50 Wl of culture (individual strains or mixtures) representing 10 5 CFU con¢rmed by plate count. Following incubation (5 or 24 h), the mice were sacri¢ced and their small and large intestines were removed, placed in 2 ml PBS, mechanically homogenized using a Virsonic 60 (Virtis) blender, serially diluted and plated onto LB agar supplemented with polymyxin B 50 U (and neomycin 50 Wg ml 31 where appropriate) to enumerate V. cholerae CFU. Colonies were con¢rmed as V. cholerae by subculturing onto TCBS agar. The competitive index was calculated by dividing the rugose variant or vpsR mutant output number by the wild-type output number. Strains with an equivalent ability to colonize are expected to have a competition index of approximately 1.0.
Results and discussion
Other than V. cholerae, a rugose-like phenotype with small wrinkled colonies and its associated properties has been reported in several species including Salmonella enterica Enteritidis [23] , S. enterica typhimurium [24] , Pseudomonas aeruginosa [25] and Enterobacter sakazakii [26] . As such, it is now becoming increasingly recognized that rugose strains might have an important role in V. cholerae and in several other species suggesting that these 'variants' might be more important and common than previously thought. Our recent ¢nding of conditions that promote high frequency switching to the rugose phenotype in V. cholerae and that switching appears to be more common in epidemic strains than in non-pathogenic strains suggests VPS production and the rugose phenotype is important in the epidemiology of cholera [6] . To better understand the molecular basis of switching, we reported the identi¢cation of genes involved in the switch to the rugose phenotype [8] . Although rugose variants of V. cholerae are known to be highly resistant to various stressful conditions in vitro and show hyperbio¢lm formation in vitro, the role of VPS, the rugose phenotype and VpsR in pathogenesis is not well understood. The studies reported here were performed in order to better understand the potential role of VPS, the rugose phenotype and VpsR in pathogenesis using a variety of in vitro and in vivo models of infection.
CT production by smooth and rugose strains
Although rugose strains can cause £uid accumulation in rabbit ileal loops and diarrhea in human volunteers, suggesting that they are virulent [5, 17] , the level of CT produced by rugose hyperbio¢lm variants compared to typical smooth cells has not been examined. In our studies, although extracellular VPS is increased in rugose strains, no di¡erence was found between smooth and rugose strains of N16961 or between wild-type N16961 and two independent VpsR mutants (DK562 and DK581) under the conditions tested. These results suggest that extracellular CT production is una¡ected in rugose strains and that VpsR does not regulate CT.
Studies on collagenase and elastase production activity
The extracellular matrix (ECM) serves as a sca¡old to stabilize tissue structure. Matrix metalloproteinases such as collagenase and gelatinase that digest collagen and gelatin (denatured collagen) are potential factors in several microbial species a¡ecting the structure of basement membranes of eukaryotic cells. Studies of proteolytic enzymes in Vibrio spp. have shown that collagenase activity is a virulence factor for host infection and pathogenesis [27] . Recent studies in Vibrio vulni¢cus found that collagenase activity is rare [28, 29] while in V. cholerae expression of elastase activity is common among clinical and environmental strains from di¡erent sources [30] . Previous studies have also shown that V. cholerae produces proteases that have a potential role in tissue injury and disintegration of ECM by being able to process and activate human matrix metalloproteases [31, 32] .
We assessed the ability of smooth and rugose epidemic V. cholerae O1 strains (including classical and El Tor strains) for their ability to produce hydrolytic extracellular proteases (collagenase and elastase activity) that like in other species might be associated with pathogenicity. We measured enzyme activity by comparing the £uorescence produced by the degradation of £uorescent collagenase and elastase substrates using a puri¢ed enzyme provided with the respective kits as a positive control.
Our studies showed that the rugose strains of both V. cholerae N16961 (El Tor biotype) and NCTC 6585 (classical biotype) are defective in the production of both collagenase I and collagenase IV activity compared to their smooth cell variants ( Table 2 ). In addition, we found that smooth strain N16961 produced approximately three-fold more collagenase I and collagenase IV activity than smooth strain NCTC 6585. Interestingly, while we detected similar levels of elastase activity in smooth and rugose El Tor N16961 strains, we did not detect any elastase activity in the classical NCTC 6585. These observations suggest that rugose variants of both strains (and biotypes) are attenuated in the production of collagenase activity and that classical strain NCTC 6585 is defective in elastase activity.
Since V. cholerae produces many extracellular enzymes and proteases, several of which have multiple functions depending on the substrates chosen for study, it is di⁄cult to determine whether a single protein is responsible for the observed di¡erences in collagenase activity between smooth and rugose strains and in elastase activity di¡erences between the biotypes. Our results indicate that rugosity and the production of the extracellular protease (collagenase activity) are inversely linked and since several proteases have been linked with virulence, these results are consistent with a potential defect in virulence expression in rugose strains compared to smooth strains.
Studies in the rabbit ileal loop model
Rugose V. cholerae O1 strains have been shown to cause £uid accumulation in the rabbit ileal loop model [17] and to be capable of producing clinical cholera in humans, showing that these variants are pathogenic [5] . However, the role of VPS, rugose strains and VpsR in pathogenesis is not well understood. In these studies, we determined whether VPS, the rugose phenotype, and vpsR have a role in cholera pathogenesis in vivo using the rabbit ileal loop model of infection.
We did not see any obvious di¡erence in FAR between the smooth strain, rugose strain, vps and vpsR strains in 18-h loops ( Table 3 ). This result is consistent with our earlier ¢nding that there is no di¡erence in CT between the strains. Plating of £uid contents from ileal loops did not reveal any obvious phenotypic switching between the smooth and rugose phenotypes. These ¢ndings suggest that if there is phenotypic switching occurring in vivo, it is at a low frequency and below the detection limit for methods used here. However, although there was no difference in the total number of V. cholerae CFU cultured from the intestinal £uid of each loop, gross examination of the 18-h loops revealed di¡erences in pathology and reactogenicity (i.e. serosal hemorrhage and necrotic areas) between strains (Fig. 1, colour ¢gure) . Loops containing wild-type smooth and rugose strains showed obvious scattered regions of serosal hemorrhage (redness), necrotic a Results are based on the analysis of overnight culture supernatants grown in BHI that were passed through 0.22-Wm ¢lters. All results are expressed as percent of positive controls and blank. Positive controls with speci¢c inhibitors have been subtracted from the data. We subtracted positive controls with enzyme inhibitor in order to eliminate bias due to non-speci¢c proteases.
areas and reactogenicity. Ileal loops inoculated with the vps mutant DK589 (defective in VPS) appeared to be slightly less reactogenic than its wild-type smooth parent. Our ¢nding that this vps mutant is slightly less reactogenic than its smooth parent is more likely to be explained if VPS production has a role in pathogenesis. However, it is possible that locus VC0920, encoding a putative glycosyl transferase, has additional roles in virulence as previous studies by us and others have shown that some genes in V. cholerae have multiple roles and are involved in several processes including LPS production and the rugose phenotype [8, 33] . Most noticeably, however, the vpsR mutant (DK562) was consistently less reactogenic than its smooth wild-type parent and showed considerably less tissue damage and pathology. Although there was no di¡erence in CFU obtained from £uid, enumeration of bacterial cells adhering to intestinal tissue was not performed, making di¡erences in reactogenicity unable to be inferred from any potential di¡erences in colonization. The observation of even less reactogenicity in loops containing the vpsR mutant compared to loops containing its parent is consistent with ¢ndings of the vps mutant and supports a hypothesis that VPS and vpsR have a role in pathogenesis. It is important to note that the defect in switching to the rugose phenotype in the vpsR mutant could be restored in vitro by a vpsR plasmid [8] . The relative lack of reactogenicity in this VpsR mutant compared to its parent leads us to suggest that vpsR is important in the pathogenesis of cholera and not only regulates VPS biosynthesis and the rugose phenotype, but might also regulate other genes with roles in pathogenesis and might form part of a novel virulence regulon in V. cholerae.
The infant mouse colonization model
Although studies have shown that the rugose phenotype promotes bio¢lm formation and cell survival in vitro, we explored whether VPS, rugose strains and VpsR have a role in vivo by studying intestinal colonization using the suckling infant mouse model. Although we found no obvious di¡erence in the level of TcpA production between smooth and rugose strains of V. cholerae O1 strain N16961 (data not shown), we hypothesized that there might be di¡erences in the level of colonization in vivo between the strains given that rugose strains show hyper-bio¢lm formation in vitro [6, 15, 16] .
In these studies, we compared the ability of smooth strains, rugose strains and a vpsR mutant (DK581) to colonize 5-day-old infant mice. Strains were inoculated orally either alone or in standard co-infection assays. While plating of the individual initial inoculums before inoculation into mice showed that there was no di¡erence in the average counts between the strains (smooth = 3.5 U10 5 ml 31 ; rugose = 4.8U10 5 ml 31 ; vpsR = 4.0U10 5 ml 31 ), and multiple in vitro co-infection assays showed no di¡erence between strains following 5 h and 24 h coinfection (data not shown), we observed signi¢cant di¡erences in the intestinal colonization ability between the strains (Table 4 and Fig. 2A,B ).
Intestinal colonization studies (5 h)
No obvious ( 6 two-fold) di¡erence was found between the smooth and vpsR strain in 5 h co-infection assays. However, the smooth strain colonized ¢ve-fold better than the rugose strain in co-infection studies. The vpsR mutant colonized 12-fold better than the rugose strain in co-infection studies. Interestingly, the colonization rate for both the smooth strain and the vpsR mutant was 12-and 55-fold higher, respectively, when these strains were coinfected with the rugose strain compared to their colonization rate in the smooth/vpsR co-infection assay. These results suggest that VPS production and the rugose phenotype has an e¡ect on the intestinal colonization of V. cholerae.
Intestinal colonization studies (24 h)
To determine the level of colonization between the strains during later stages of infection, we performed multiple 24 h individual and co-infection assays. Initially, we determined the colonization levels of individual strains. We found a statistically signi¢cant di¡erence in the level of colonization between all strains when given alone (P = 0.0004; Kruskal^Wallis test) ( Table 4 and Fig. 2B) . The results showed that smooth strains colonize V10-fold better than rugose strains. We also found that a vpsR mutant (VPS-negative and unable to switch to the rugose phenotype) is signi¢cantly attenuated in colonization compared to both the wild-type smooth and rugose strain. These results suggest that excessive (rugose) VPS production might inhibit colonizing ability. However, the results also suggest that the inability to produce VPS, such as in the vpsR mutant, results in an even greater defect in the colonization rate. These infant mice intestinal colonization studies support our ileal loop data whereby a vpsR mutant appears to be less reactogenic, possibly due to a defect in colonization, and indicates that VPS, the rugose phenotype and vpsR have a role in pathogenesis. We then performed 24 h co-infection assays with the smooth strain, rugose strain and vpsR mutant ( Table 4 and Fig. 2B ). We found no di¡erence in colonization rates between a smooth and vpsR mutant (P = 0.36; Wilcoxon signed rank test). Consistent with the 5 h co-infection assays, we found that the smooth strain has a signi¢cantly ¢ve-fold greater colonization rate than the rugose strain (P = 0.0034 ; Wilcoxon signed rank test). These results are consistent with Watnick et al. [18] , who reported that a serogroup O139 £agellar mutant exhibiting the rugose phenotype shows a decrease in colonization compared to its wild-type smooth parent. Also, consistent with 5 h coinfection assays, the vpsR mutant colonized 10-fold better than rugose strains in co-infection assays (P 6 0.0009; Wilcoxon signed rank test). Interestingly, although the reason is not well understood, we found a decrease in the colonization rates of the smooth and rugose strain when co-infected with the VpsR mutant compared to when these strains were inoculated alone (P = 0.006 and P = 0.012, respectively; Kruskal^Wallis test). Importantly, and again consistent with 5 h assays, the smooth strain had 10-fold better colonization ability when it was co-infected with the rugose strain compared to when it was coinfected with the vpsR mutant. Likewise, the vpsR mutant colonized ¢ve-fold better in co-infection with the rugose strain compared to when it was inoculated alone (P = 0.027; Wilcoxon test). We suggest that these ¢ndings are consistent with a hypothesis that the ability to produce VPS in a carefully regulated manner is required for e⁄cient colonization and that the rugose phenotype, at least in part as a result of VPS production, might promote the colonization of certain strains.
In these studies, our hypothesis was that VPS, the rugose phenotype and VpsR have a role in virulence. Our interpretation of the data is that the results cannot be explained only by the fact that the rugose strain, possibly as a result of VPS production masking a colonization factor, is defective in colonization compared to smooth strains. If this were the case, the vpsR mutant (defective in VPS) would be expected to colonize as well as wild-type smooth strains when each of these strains is inoculated alone. In addition, we would not expect to ¢nd the colonization rate of a vpsR mutant to be increased V¢ve-fold in the presence of rugose strains compared to when the vpsR mutant is co-infected with the smooth strain. Rather, our data strongly indicate that VPS production is actually required for e⁄cient intestinal colonization. Given the observed e¡ects in pathogenesis between VPS overproduction (rugose) and VPS underproduction (vpsR mutant), we predict that there should be some regulatory mechanism that controls the timing and quantity of VPS produced in vivo. As such, we are performing further studies on the regulatory system and signal molecules controlling VPS production and bio¢lm formation.
In a model presented here, controlled VPS production appears to be important for intestinal colonization and rugose strains appear to promote the virulence of certain 'smooth' strains. In this model, smooth strains can produce VPS in a regulated manner and are expected to colonize better than rugose strains that produce excessive VPS production. If some VPS is required for e⁄cient colonization, a vpsR mutant (defective in VPS production) would be expected to colonize less than wild-type smooth and rugose strains. Consistent with this model are our ¢ndings that the wild-type smooth strains co-infected with the rugose strain colonize better than when they are co-infected with the vpsR mutant. In addition, the vpsR mutant also colonizes better in the presence of rugose cells than in the presence of wild-type smooth strains or when inoculated alone. Switching from the smooth to rugose phenotype in vivo is not implicit in this model, however, it is possible that some switching occurs in vivo at a low frequency and this event might further promote the colonization of certain strains. Therefore, although the rugose strain colonizes less than the wild-type smooth strain but better than a vpsR mutant, our results not only suggest that VPS is an important factor for colonization but also imply that rugose strains might under some conditions act as a 'helper' phenotype for certain smooth strains in their colonization of the intestine.
Conclusions
It has been shown that VPS production and the switch to the rugose phenotype is linked to the type II general extracellular protein secretion pathway which is also involved in secretion of CT and hemolysin [34] . Although the regulatory pathway involved is not clear, our ¢ndings suggest that production of the potential virulence-associated collagenase and elastase activity is inversely linked to the production of VPS and the rugose phenotype. Based on these in vitro proteolytic assays, rugose strains appear to be less pathogenic in this property than wild-type smooth strains.
VpsR belongs to a family of proteins with homology to signal transduction two-component regulatory systems [7] . These regulatory systems are important in the sensing of and responding to di¡erent environments. Our results strongly suggest that VpsR has a role in the pathogenesis of cholera and that in addition to regulating vps genes and VPS production, VpsR might regulate additional genes with roles in virulence.
The factors involved in the emergence, pathogenesis and persistence of epidemic V. cholerae are not fully under-stood but are being studied by us. Until now, the nature of the biological role of VPS and the rugose phenotype in V. cholerae has not been well identi¢ed but we and others have proposed some role in environmental survival. While it is possible that VPS and the rugose phenotype have a role in the environment, we propose a new model in which VPS production and the rugose phenotype might have a role in pathogenesis. In this model, careful timing and control of VPS production is required for e⁄cient intestinal colonization and rugose strains might potentially act as a 'helper' phenotype in promoting the pathogenesis of certain strains. Our ¢ndings provide a new understanding of the role of VPS, the rugose phenotype and VpsR in epidemic V. cholerae and might be relevant to other species.
